A flashlamp-pumped dye laser was modified to produce 80mJ/pulse, narrowband output at 532 nm suitable for pumping of Raman active transitions of the major combustion species CO 2 , H 2 O, N 2 , and O 2 . Simultaneous measurements of multiple species were obtained in atmospheric pressure methane-air flames, demonstrating absolutely quantitative measurements of species mole-fraction. Comparisons with Q-switched Nd:YAG laser pumping showed that higher fluences, and concomitantly higher Raman signals, were possible with the long-pulse flashlamp-pumped dye laser. A series of measurements in Physical Sciences Inc.'s (PSI) Gas Turbine Combustion Simulation Facility compared the Nd:YAG laser to the dye laser using both heptane and Jet-A fuels at pressures up to 15 atm. A commercial GE CFM-56 fuel injector was used to accurately simulate the aero-thermo-chemical environment of a practical gas turbine combustor. Measurements obtained with the low pulse energy flashlamp pumped dye laser suggest that improved laser performance should achieve ~ 1% mole-fraction accuracy of the major combustion species.
the area of gas turbine combustor testing, current research activities are focusing on problems associated with efficient mixing and burning of advanced combustors operating at pressures up to 60 atm. The high pressure and high temperature environment has posed a substantial barrier to the application of laserbased diagnostic techniques to these problems. Recently, fluorescence imaging measurements of minor species (principally OH and NO) have begun to appear in the literature in realistic gas turbine combustor configurations (cf., Refs. 1 and 2).
The scarcity of reliable, in-situ flow data of any type within such combustors has led to an increasing reliance on Computational Fluid Dynamics (CFD) to predict combustor flowfields and guide designers to optimum fuel injection and combustor configurations. The aeroengine designers acknowledge the critical need for additional data at practical operating conditions in order to anchor these codes and to provide additional insight into the complex fluid dynamics and coupled chemistry within the combustor. The present effort addresses this need by demonstrating the feasibility of major species measurements in a model gas turbine combustor burning aviation fuel and operating at pressures up to 15 atm.
These measurements are based on spontaneous Raman scattering, an inelastic, non-resonant scattering process that occurs simultaneously on all Raman active transitions of molecules in the probe volume. The basic physics are illustrated schematically in spectrum (anti-Stokes scattering) results from scattering where vibrational quanta from the molecule are added to the photon energy and arise from excited vibrational levels of the molecule. The anti-Stokes scattering is usually much weaker than the Stokes scattering (due to the relatively small population in the vibrationallyexcited molecular states), but can be used to infer the vibrational temperature of the scattering molecule. At pressure and temperature of interest in gas turbine combustion, the system is in thermodynamic equilibrium so that the vibrational molecular temperature is equivalent to the local gas static temperature.
The Raman scattered signal is easily quantified according Eq. (1): where N s is the number of scattered photons collected from an entire vibrational band, is the overall optical collection efficiency, E L is the laser pulse energy, h s is the scattered photon energy, d/d is the Raman crosssection for the particular species (and vibrational band, for polyatomics), n i is the number density of the particular species, l is the laser beam linear dimension collected, and f(T) is a temperature factor accounting for the contributions of higher energy vibrational levels to the integrated spectrum.
The Raman cross-sections and temperature factors are known for most major combustion species. Raman scattering has been used for species concentration measurements since the first development of high energy pulsed lasers. 3 Its application to combustion diagnostics specifically was reviewed in 1977 4 and again in 1988. 5 Since that time, Raman scattering measurements using high pulse energy, flashlamppumped dye laser systems developed in the early 1980's or modified Nd:YAG lasers have become routine tools of basic turbulent reacting flow research (cf. the work of Ref. 6 and the references therein). More recently, tunable KrF excimer lasers have been applied to Raman scattering measurements, principally in H 2 -fueled systems where the laser-generated interferences (fluorescence and multi-photon photodissociation) associated with the high intensity 248 nm radiation can be minimized. 7 Fluorescence interference has been a noted problem with Raman measurements in fuel-rich flames. The interferences arise from linear fluorescence from fuel or fuel pyrolysis products and from non-linear photodissociation production of the same species. Both processes are exacerbated at shorter wavelengths and the non-linear processes are enhanced through the use of short pulse (Q-switched Nd:YAG or excimer) lasers. In the present effort, a PSI Model 3010 flashlamppumped dye laser with a pulse duration on the order of 2 µs was modified to enhance the output energy so as to allow high energy, low-intensity Raman scattering measurements to be performed in a High Pressure Gas Turbine Combustor test facility. Although the data reported here was acquired with non-optimum laser energy and detector characteristics, they demonstrate the potential of a Raman measurements in practical gas turbine combustor configurations. Using advanced ICCD arrays and an imaging spectrometer configuration, single-shot, 1-D imaging of major species and gas temperature should be feasible with minimum detection limits at 60 atm on the order of 0.1 % and temperature precision of 5%.
Flashlamp-Pumped Laser Characteristics
The flashlamp pumped dye laser used in these experiments was originally designed for medical applications. It was designed to produce 1 to 2 µs pulses at 1 to 10 Hz repetition rates with a 6 mm beam diameter, 2 mrad beam divergence, and with a nominal 3 nm spectral bandwidth.
The most desirable features of the dye laser from the standpoint of these experiments are its long pulse length and high pulse energy. The premise of the Phase I experiments is that, compared to Raman measurements made using a Q-switched, frequency American Institute of Aeronautics and Astronautics doubled YAG laser or short-pulse excimer laser, the lower peak power dye laser pulse will result in an improved signal-to-noise ratio by reducing the amount of fluorescence generated by laser induced vaporization of soot and photolysis of fuel fragments. The latter two phenomena exhibit a non-linear intensity dependence. For instance, previous workers have observed that fluorescence from laser generated C 2 in fuel-rich regions of diffusion flames increases as laser flux to the fourth power. 8 Since the Raman signal is linear with laser energy and independent of the intensity, a high energy, long pulse duration laser is expected to perform better than a high intensity, short pulse duration laser of equivalent pulse energy.
In the present experiments we chose to operate the dye laser at 532 nm. The choice of 532 nm is threefold: Raman measurements made in this effort may be compared to the existing body of literature which report data obtained using frequency doubled YAG excitation (see the recent work in Ref. 9 and the body of literature cited therein); this wavelength is near the peak energy for flashlamp-pumped dyes; and high quality reflective optical coatings are commonly available for use in beam steering optics and elastic scattering blocking filters.
The 3 nm bandwidth of the basic laser was deemed too broad and susceptible to large magnitude bandwidth fluctuations. Therefore, a birefringent filter was added to the laser cavity the laser cavity just prior to the output coupler. In addition to narrowing the spectral profile of the dye laser pulse, the birefringent filter also has the advantage of polarizing the output. Highly polarized output is particularly useful for making Raman measurements since the inelastic Raman scattering preserves the polarization of the pump wave (laser) and this polarization of the scattering signal can be used to further discriminate against any fluorescence interference (which will be unpolarized). The output polarization was measured to be ~ 20:1 (± 25% uncertainty in the reported ratio). Prior to installing the laser in the high pressure combustor laboratory, its operating characteristics were measured in order that they could be easily optimized during future operation.
The dye of choice for 532 nm operation is Coumarin 523. We choose not to run the laser with Pyromethene 546 because of the potential fire hazard involved in using pure methanol as a solvent. Coumarin 523 is soluble in a 50/50 methanol/water mixture. The lifetime of flashlamp-pumped Coumarin 523 is several hours at 9 Hz repetition rate. Fortunately, dye changes do not necessitate disposing of the 19 liters of liquid in the dye reservoir. The dye solution is purged of dye and photo-degradation products by flushing it through a filtration system internal to the laser. A fresh charge of dye is then added to the repurified solvent.
At the optimum dye concentration, the pulse duration is ~ 2.0 µs. With the dye concentration at 5.9·10 -5 M (300 mg/19 liters) the output pulse energy was measured as a function of wavelength. These measurements are depicted in Figure 2 . The output wavelength was determined using a pulsed wavemeter (Burleigh Instruments). The uncertainty in the wavemeter reading was ~ 0.2 nm. The standard deviation of the pulse energy measurements is <2%.
After the initial setup of the dye laser in the high pressure combustor laboratory, its spectral content was measured by observing Rayleigh scatter from room air with an optical multichannel spectrometer system. The spectrometer consists of a Jobin-Yvon 320 monochromator (320 mm f.l., f/4.3) and a Princeton Instruments IPDA-700 G/RB intensified photodiode array. Its spectral resolution was determined to be 0.27 nm near 532 nm from the observed lineshapes of Ne emission lines in the same spectral region. The American Institute of Aeronautics and Astronautics 
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initial Raman experiments (which use the same experimental arrangement as the bandwidth measurements) and the details of the set-up are described below. There was no measurable shot-to-shot variation in the peak laser output wavelength, (i.e., the wavelength jitter was less than the IPDA resolution of 0.055 nm or 2 cm -1 ). Figure 3 depicts a single shot spectrum of the dye laser output. The measurement baseline is ~ 150 counts. The laser's spectral bandwidth was calculated assuming that the spectrometer resolution (0.27 nm) and laser bandwidth are Gaussian additive.
Optically-Accessible Model Gas-Turbine Combustor Overview PSI's high-pressure combustor facility consists of five main components: 1) high-pressure air storage system, 2) flow-through air preheater, 3) liquid fuel supply system, 4) optically-accessible combustor, and 5) exhaust treatment system. PSI assembled and tested the high-pressure air storage and preheat systems which include a 2500 psi, 9500 scf ASME-rated storage vessel coupled to a 250 kW immersion-style electric heater. The tank is charged by a breathing-air compressor capable of delivering 20 scfm. The system has been sized to deliver a maximum of 1 kg/s of air at 500 K and 50 atm. The heater is capable of higher outlet temperatures when operated at lower pressures and flow rates. These elements of the facility and the associated flow control equipment have been described previously.
A schematic of the liquid fuel delivery system is shown in Figure 4 . Fuel is stored in an unpressurized, 5 gal fuel tank. A positive displacement pump (Wanner Engineering, Hydra-Cell) capable of delivering 0.5 gpm at 1500 psi is used to pressurize the fuel stream. A hydraulic accumulator (Greer Hydraulics, Pulse-Tone) is positioned downstream of the pump to suppress pressure oscillations. The fuel pressure is regulated by a dome-loaded, back-pressure regulator (Grove, Mighty-Mite) which bypasses fuel back to the storage tank. A hand regulator mounted on the control panel is used to select the pressure upstream of back-pressure regulator. High-pressure fuel from upstream of the regulator is passed through a filter and a series of shutoff and check valves before being injected into the combustor. A nitrogen system is also provided to purge the fuel injector at shutdown. The fuel pump and shutoff valve electrical power is interfaced with the burner control system (Fireye, M-Series II). In the event of loss of flame, loss of air flow or over-pressurization of the burner, the power is interrupted immediately, stopping the flow of fuel and initiating the flow of nitrogen.
The exhaust system includes a larger diameter duct with water injection to cool the exhaust gases prior to being discharged outside the building. The duct is constructed of 6-in. SCH40 pipe. Water is injected into the flow through a series of pressure atomizing nozzles (Spraying Systems, Fog-Jet) mounted along the wall of the pipe. Evaporation of the water cools the gases, and impingement of water on the inside surface of duct cools the structure. A water drain is provided to prevent the accumulation of water inside the duct. American Institute of Aeronautics and Astronautics 
Combustor Details
The primary design goals for the opticallyaccessible combustor were: 1) to provide large fields of view of the combustion zone for optical (PLIF or, in the present case, Raman) imaging experiments, 2) to accept commercial-style gas turbine fuel injectors, and 3) to allow operation at pressures up to 50 atm. One of the challenges associated with achieving these goals was integrating large optical access into the pressure vessel while maintaining good structural integrity for high-pressure operation. A second challenge was presented in the design of the thermal management systems since the capacity of the air storage system does not afford large amounts of bypass air to be devoted to cooling of combustor components. The nominal flow conditions for designing the combustor are listed in Table 1 . Also listed are the maximum flow conditions that the combustor can achieve with modest modifications to the overall system, such as adding additional air flow capacity. Figure 5 shows the combustor coupled to the preheated air supply and exhaust systems. A sectional view of the combustor assembly is shown in Figure 6 , and a photograph of the complete combustor is shown in Figure 7 . It consists of four main components: 1) pressure vessel with inlet and exhaust flanges, 2) fuel injector support and liner system, 3) watercooled exhaust nozzle, and 4) water-cooled exhaust test section.
The flow axis of the combustor is oriented horizontally. The preheated air stream, which is metered by a choked orifice plate, enters the facility through the inlet flange assembly. The air is directed into a plenum region which is formed by the fuel injector support. The fuel injector from a GE CFM56 gas turbine engine is installed in the combustor.
A schematic diagram of the GE CFM56 fuel injector is shown in Figure 8 . The pressurized fuel stream is delivered to the simplex atomizer via a 3 mm diameter tube, which is fed through the inlet flange. As the fuel spray flows from the atomizer, it encounters a swirling air flow and impinges onto a liquid filming surface. Subsequently, a second, counter-swirling, air flow produces secondary atomization and the fuel spray issues from a conical sleeve where the flame is stabilized. Figure 9 shows a time-averaged image of luminosity form a Jet-A flame. The conical sleeve is visible at the base of the flame zone. In a previous study of this injector, measurements of the velocity and size distribution of fuel droplets and the gas-phase temperature were performed in atmospheric pressure flames. 10 The flame zone is an inverted hollow cone with recirculation zones on the interior and exterior of the cone. Optical access to the combustor is designed such that imaging diagnostics can be performed over a wide portion of the flame zone.
The combustion gases are contained by a ceramic liner which is held in place by a cooled support. This support structure is equipped with water cooling circuits to remove the heat radiated to the support by the ceramic liner. Additionally, windows fitting into cut-outs machined in the ceramic liner are mounted onto the support, providing optical access to the combusting flow. The fuel injector and liner assemblies are housed within an uncooled pressure vessel constructed from large-diameter, stainless-steel pipe. Windows aligned with the interior optical access ports are mounted to the outside of the pressure vessel. Downstream of the imaging region, the flow is diluted with excess preheat air and accelerated through a watercooled exhaust nozzle. Water is fed to the nozzle assembly through the exhaust flange of the pressure vessel. After exiting the pressurized section of the combustor, the combustion products pass through a water-cooled exhaust test section equipped with several ports which can be used for extractive sampling or optical measurement techniques. Direct injection of water into the exhaust flow is delayed until the flow enters the large diameter exhaust duct.
Atmospheric Pressure Measurements
Initial experiments involved making Raman measurements in room air and in an atmospheric pressure Meker burner. These benchtop experiments were used to assess baseline system performance and to better understand the experimental variables which could be adjusted to improve spectrometer performance when the system is operated with the high pressure combustor. As part of the benchtop experiments we performed a radiometric calibration of the spectrometer system. When combined with the known Raman scattering cross-sections of N 2 and O 2 , the radiometric calibration allowed the conversion raw data into absolute concentrations of these species. American Institute of Aeronautics and Astronautics 
Experimental Setup
A schematic illustration of the spectrometer and light gathering optics as used in the benchtop experiments is shown in Figure 10 . The system provided 1:1 imaging of the probe volume onto the monochromator entrance slits. A holographic notch filter at 532 nm (Kiaser Optical Systems) was purchased to block elastic scattering from droplets, particles, and other scatterers. This filter has an optical density > 6 (i.e., transmission < 10 -6 ) at 532 and a spectral bandwidth of 531 cm -1 (15 nm). For most of the characterization measurements reported here, it was not necessary to use the Raman notch filter. The two turning mirrors provide the degrees of freedom necessary to image the dye laser focal volume onto the monochromator slits. The turning mirrors rotate the image 90 deg such that the direction of laser propagation is aligned with length of the entrance slit. The IPDA pixels are 25 µm width by 2.5 mm high. Image rotation was necessary to fill the active area of each pixel. The Nikon imaging lens is closely f-number matched to the monochromator: f/4.5 versus f/4.3. The system throughput is therefore slightly limited by the imaging lens. The system etendue is:
where A pixel is the area of an IPDA pixel and f # is the limiting f-number of the system. The etendue is a useful number because it allows direct comparison of the present results to any planned system configuration. For comparison, a camera system which utilized a f/1.5 imaging optics and a 100 x 100 µm effective detector size (achieved by binning multiple pixels) would have an etendue of 3.5·10 -5 cm 2 sr. This arrangement provides for over 400 spatially-resolved measurement locations along the slit (beam propagation direction) with essentially equivalent collection efficiency.
One issue of concern in the design of the optical system was beam divergence over the light path and possible vignetting by the turning mirrors or lenses. The most convenient way to treat this issue is to consider a ray trace originating from the entrance slit of the monochromator. The monochromator provides 1:1 imaging of the entrance slit onto the exit focal plane, so the relevant slit size for calculating ray bundle spread is 2.5 mm by 25 µm. This corresponds to a divergence of 24 mrad by 240 µrad. A ray trace for the optical train was conducted using Zemax optical design software. The results of the Zemax model indicate that the f/4.5 Nikon lens causes vignetting at the edges of the 2.5 mm high pixel, i.e., only the central 1.5 mm are imaged into the focal volume of the probe laser. We therefore estimate the collection efficiency of the current system to be ~ 60% of that for an ideally designed optical train.
It is also essential to consider the overall transmission efficiency of the optical train. The turning mirrors and lenses have efficiencies > 90%. The measured notch filter transmission is > 80% for wavelengths longer than 550 nm. The diffraction efficiency of the 1200 groove/mm monochromator grating is not known precisely (it is also polarization dependent), but a typical value for first order is ~ 20%. In the present experiments, the IPDA/spectrometer system was absolutely calibrated using a quartz halogen tungsten coil filament. Wavelength calibration was accomplished using a Ne pen lamp.
Raman Scattering in Room Air
The initial check on the calibration and optical efficiencies described in the previous section was conducted using simple room-air scattering for simultaneous measurements of N 2 Figure 11 . Raman spectrum of room air obtained using flashlamp pumped dye laser. Raman scattering flux incident upon a single pixel using Eq. (1). Figure 11 depicts a Raman spectrum recorded in room air averaged over 27 laser shots. The feature at 579.6 nm is molecular oxygen and the feature at 606.7 nm is molecular nitrogen. During collection of the spectrum, the dye laser was operating at 9 Hz with an output of ~ 250 mJ/pulse. The net transmission of the beam delivery optics (one turning mirror, three right angle prisms, and a focusing lens) is ~60%. For 150 mJ delivered to the probe region, we calculate 3500 photons per shot to be scattered into the collection optics. The spectrum was recorded at the highest monochromator resolution (narrowest slits) and, based on the system radiance calibration, indicates collection of ~ 1900 photons per shot.
Raman spectra recorded in room air were processed to establish our ability to quantify scattering signals in terms of the mole-fractions of N 2 and O 2 . The integrated number of photons under the N 2 and O 2 Raman peaks serves as a crosscheck of the system radiometric calibration. The O 2 mole fraction is determined using the known room-temperature cross- Figure 12 shows a histogram plot of the results from 75 data sets where each data sets represents 27 accumulated laser shots. The calculated O 2 mole fraction is based only on the system radiance calibration and is not normalized to the known value of 0.21. The standard deviation in was 8% of the calculated average value. Raman spectra were subsequently recorded with the slits opened to pass all of the imaged photons.
For comparison with the dye laser, we attempted the Raman scattering measurements using a frequencydoubled, Q-switch Nd:YAG laser. As in the experiments using the dye laser, the probe beam was focused into the focal volume with a 6 in. f.l. lens. Because of the YAG's short pulse duration, ~ 8 ns FWHM, only modest pulse energies could be delivered into the probe volume without causing air breakdown. The breakdown threshhold was consistently in the range of 15 to American Institute of Aeronautics and Astronautics 20 mJ/pulse. (Assuming that laser intensity determines breakdown threshhold and that the dye and YAG laser spatial profiles are sufficiently similar that fluence at the probe beam focus scales directly with pulse duration, the breakdown threshold using the dye laser is > 3 J/pulse.) Figure 13 depicts a spectrum of YAG induced breakdown in room air. Notice both the spectral feature arising from a highly excited N + transition as well as the continuum emission from the laser induced plasma. The vertical scale indicates emission of > 1·10 4 photons/spectral resolution element/laser pulse from the plasma compared several hundred N 2 Raman photons/resolution element for slightly lower probe laser energy just below breakdown threshold.
Raman Scattering in a Methane/Air Flame
Immediately following the room air measurements, the performance of the Raman detection system utilizing the dye laser was evaluated on a partially premixed methane/air flame from a Meker burner. The flame was fuel lean and showed no evidence of soot formation. Figure 14 depicts the spectrum recorded roughly one cm above the visible flame region. Also shown is a room air spectrum of the same region recorded moments earlier. (The data are an average of ten spectra which was subsequently subjected to a five point binomial smooth. Each individual spectrum was an integration of 90 dye laser pulses. Multiple pulse averaging was essential due to low laser energy at the time of the experiment.) No attempts were made to assess either the equivalence ratio or temperature of the probe region so an accurate quantitative analysis of the spectrum is not possible. The drop in intensity of the O 2 Raman feature near 580 nm in the flame spectrum (as expected) as well as the appearance of the CO 2 feature near 575 nm is clearly obvious. Also evident is the characteristic spread of the N 2 feature to shorter wavelengths indicating due to higher rotational and vibrational population.
High Pressure Measurements
Raman spectra were obtained in heptane/air flames using both the flashlamp pumped dye laser and a commercially available frequency doubled Q-switched Nd:YAG laser. In addition, we have obtained Raman spectra of 10 and 15 atm Jet-A/air flame using the dye laser. Table 2 provides the characteristics of all the high pressure flames for which Raman spectra were acquired.
While the short pulse duration of the Q-switched YAG proved advantageous for gating out undesired blackbody radiation arising from soot, the high fluence led to air breakdown at relatively low pulse energy. Conversely, the longer pulse duration of the flashlamp pumped dye laser provides a lower fluence and allows more energy to be deposited in the focal volume without breakdown. From this perspective, the dye laser offers equivalent or superior performance over a YAG laser of equal pulse energy under both fuel rich American Institute of Aeronautics and Astronautics and fuel lean flame conditions. The dye laser's longer pulse duration proves problematic, however, at equivalence ratios near unity where blackbody radiation is substantial, but under those conditions a YAG probe is also problematic due to laser induced vaporization of soot. The dye laser offers substantial improvement over the YAG at lower ! where blackbody background does not degrade system detection sensitivity and the laser induced breakdown threshhold limits the single shot signal which may be obtained from the probe region.
Experimental Setup
Upon completion of the Raman measurements in room air and the Meker burner, the spectrometer and light collection optics were transferred to an optical breadboard mounted to the high pressure combustor test stand. Figure 15 depicts the layout of the Raman diagnostic system as used in conjunction with the high pressure combustor. The principal elements of the optical train are called out in the figure: a 3 in. diameter light gathering lens, a 1.5 in. diameter, f/4 relay lens, a 2 in. diameter turning mirror, a holographic notch filter with provides OD >6 attenuation of Rayleigh scattered probe beam radiation, the f/4.5 Nikon lens used to reimage the Raman probe region onto the spectrometer entrance slit, and the 320 mm focal length, f/4.3 Jobin-Yvon grating monochromator operated with the Princeton Instruments 1024 element IPDA at the detector plane.
The flashlamp-pumped dye laser beam was delivered through the top window on the pressure vessel and is focused to a waist of ~ 0.8 mm by a 12 in. f.l. plano convex lens. The probe region in most experiments was along the combustor centerline in the post-flame zone, ~ 3-1/4 in. downstream from the injector face. (For the dye laser probe of the 5 atm and 10 atm heptane flames the probe region was along the centerline ~ 1 in. downstream from the injector face.) The dye laser beam exhibits a near "tophat" profile at the laser output but is more Gaussian in appearance at the combustor vessel. (No quantitative measurements were made of the beam profile at either location.) We estimate the beam waist by determining the monochromator slit width which passes ~ 90% of the Rayleigh or Raman scattered dye laser light and dividing that value by the optics demagnification ratio, 3:4. The probe beam is horizontally polarized along the combustor axis and scattered light is collected by a 3 in.diameter, 4 in. focal length fused silica lens. In this set of experiments we sought to make sideby-side comparisons of the PSI developed flashlamppumped dye laser with a commercially available Nd:YAG laser. Raman measurements made using the dye laser will be discussed in the following two sections. The Nd:YAG probes of the 5, 10, and 15 atm heptane/air flames were performed using a Quanta Ray Model GCR-190 laser.
The Raman spectra of the 5.3 and 10.5 atm heptane/air flames were recorded several days before the alignment train for the collection optics was finalized. As a result, collection efficiency was down by a factor of ~ 2 relative to earlier room air measurements and later data collected with a 15 atm flame. Figure 16 depicts Raman spectra of 5.3 atm and 10.5 atm flames as well as a spectrum of forced air at 420 K and 5.4 atm which which was recorded prior to lighting off the flames. The forced air and 10.5 atm spectra are 1000 shot averages and the 5.3 atm spectrum is a 600 shot average. The feature at 580 nm is molecular oxygen and that at 607 nm is molecular nitrogen. The calculated O 2 mole fraction in the forced air spectrum is 0.17. This value was derived using Raman cross-sections of N 2 and O 2 and the radiance calibration of the benchtop optical alignment. Since the correct value is 0.21, the calculated value indicates a modest calibration drift between the new and old experimental geometries. In practice, such absolute calibrations are not necessary. The system is easily calibrated prior to a run using scattering from room (or test facility) air.
The CO 2 Raman feature near 575 nm was not evident at ! ~ 0.5 and the existing measurement signalto-noise ratio. The reduced intensity between the 5 atm flame and 5 atm forced air spectra may be attributed to the lower gas density in the flame experiment. One also notices that the N 2 feature in the 5 atm flame is clearly extending to shorter wavelengths than the room temperature spectrum due to increased population in v" 1 at flame temperature.
The spectra obtained from the 15 atm heptane/air flame are of substantially higher signal-to-noise than those from the 5 atm and 10.5 atm flames. This is due not only to the higher number density at 15 atm but also substantially improved optical alignment. The relative intensity of the blackbody background to the Raman signal is a function how the IPDA intensifier was operated. The intensifier gate on the IPDA has a finite risetime. It was determined experimentally that the intensifier had to be triggered at least 50 ns before the laser pulse arrived in order to have maximum response to the Raman scatter. The nominal intensifier gate was set to 150 ns for these experiments. Based on the temporal profile of the gate pulse on a fast oscilloscope and the relative response of the IPDA to Raman scatter, the 150 ns gate consisted of ~50 ns risetime (increasing response), ~ 50 ns maximum response, 50 ns falltime (decreasing response). The 50 ns plateau period is much longer than the laser pulse duration but was necessary to compensate for temporal jitter between the trigger pulse and light out from the YAG. If the intensifier gate width could be shortened to better match the YAG pulse width, then blackbody contribution to the measured signal could be reduced. The primary shortcoming of the YAG was the observed breakdown threshold. The threshold varied with flame conditions, but was consistently in the range of 20 to 30 mJ/pulse, thus severely limiting the obtainable Raman signal.
A CO 2 feature at 575 nm is evident at the leftmost edge of the spectrum. Figure 18 depicts a spectrum recorded with the monochromator tuned to 575 nm center wavelength to show both CO 2 features along with molecular O 2 feature. In contrast to the 5 atm and 10.5 atm spectra, the CO 2 features near 570 nm and 575 nm are clearly evident.
Flashlamp-Pumped-Dye-Raman Scattering in Heptane/Air and Jet-A Flames An initial data set recorded in the high pressure combustor was acquired using the flashlamp-pumped dye laser to probe 5.3 and 10.5 atm heptane/air flames with ! ~ 0.5. Figure 19 depicts the spectra recorded with the monochromator tuned to 590 nm center wavelength. The probe laser energy was ~ 50 mJ at the combustor after losses through the beam delivery line. Like the Raman spectra of the 5 and 10 atm heptane/air flames recorded with the YAG laser, these data were recorded prior to optimization of the collection optics alignment. In order to collect a higher fraction of the Raman signal, the monochromator slits were opened 50% wider than under optimum conditions thus degrading system spectral resolution. The resolution in American Institute of Aeronautics and Astronautics The ! = 0.55 flame was sufficiently luminous to produce a substantial blackbody background in the recorded spectra. (The IPDA intensifier gate was set to 2.0 µs to match the duration of the dye laser pulse. In the Phase II program we propose to deliver a shorter pulse duration laser, ~ 1.0 µs, which would reduce the blackbody background accordingly.) In addition to the experimental data, Figures 20 and 21 also depicts the best fit blackbody curve to the recorded background spectrum. (Due to the radiance calibration drift in the detection system in going from the benchtop to the combustor, cited in previous sections, the uncertainty of the fitted temperature is significantly greater than the uncertainty in the fit parameter, ± 20 K.)
The ! = 0.92, 10 atm flame was sufficiently luminous that the blackbody background overwhelmed any Raman signal which may have been present. No laser-generated interference was noted, however. To successfully obtain Raman measurements under these conditions, higher pulse energy, more optimized intensifier gate/pulse duration, may be required. American Institute of Aeronautics and Astronautics
Summary and Conclusions
In this effort, a modified commercial flashlamppumped dye laser provided high pulse energy ( 400 mJ/pulse), narrow bandwidth (~ 0.30 nm at 532 nm) radiation for making Raman scattering measurements. The dye laser system was compared directly with a frequency doubled, Q-switched YAG laser capable of delivering equal pulse energies at a much higher fluence.
The dye laser system was used in conjunction with an optical multichannel analyzer to generate and collect Stokes scattering and make quantitative measurements of O 2 and N 2 concentrations in room air as well as qualitative measurements O 2 and N 2 in atmospheric pressure flames, and O 2 , CO 2 , and N 2 in lean, high pressure (5 atm to 15 atm) aviation fuel/air flames. Similar measurements were made using the YAG, however those experiments were limited to very low pulse energies due laser induced breakdown of air/ combustion products in the probe volume. Higher pulse energies lead to higher Raman signal levels which in turn lead to improved measurement signal-to-noise ratios.
